A discriminant method for optimizing activity in nuclear medicine studies is validated by comparison with ROC (received operating characteristic)-curves. The method is tested in 21 single photon emission computerized tomography (SPECT), performed with a cardiac phantom. Three different lesions (L 1 , L 2 and L 3 ) were placed in the myocardium-wall by pairs for each SPECT. Three activities (84, 37 or 18.5 MBq) of 99mTc were used as background. Linear discriminant analysis was used to select the parameters that characterize image quality among the measured variables in the images [(Background-to-Lesion (B/L i ) and Signal-to-Noise (S i /N) ratios)]. Two clusters with different image quality (P=0.021) were obtained. The ratios B/L 1 , B/L 2 and B/L 3 are the parameters used to construct the function with 100% of cases correctly classified into the clusters. The value of 37 MBq was the lowest tested activity for which good results for the B/L i ratios were obtained. The result coincides with the applied ROC-analysis (r=0.89).
INTRODUCTION
Image quality in nuclear medicine tomography is critically dependent on the activity undergone by the patient. The optimal activity is the smallest amount of activity which preserves diagnostic accuracy. Nevertheless, the optimum depends on the gamma camera used for imaging, the size of the patient and the imaging application (Mattsson et al., 1998) .
To optimize, one has to study how diagnostic accuracy depends on the activity undergone for each particular study, taking into account the above factors. An optimization method can be obtained by using a set of images with shorter and longer registration times than the usual, but this method can only be used for static images. Other optimization method for static images is that used by Fjalling et al.(1997) 1 . They graded the images by experienced nuclear medicine physicians using received operating characteristic (ROC) analysis with successful results in the reduction of the activity to be undergone. In the case of dynamic studies (Moonen and Jacobsson, 1997) used patient studies and simulated varying activity levels by adding different amounts of randomized statistical noise. ROC analysis was also used to optimize procedures between filtered and unfiltered studies (Stark and Carlsson, 1997) . In other cases, the current situa-tion is described in terms of the statistical distribution of activities undergone in a region, having similar equipment and processing methods. The last one is a defensive and descriptive approach, which may prolong the use of high activity levels (Mattsson et al., 1998) . This group of authors also arrived at the conclusion that the final decision on the used activity undergone should be based on ROC analysis. Vestergren et al.(1996; developed some mathematical models to optimize activities in pediatric nuclear medicine, keeping the same image quality for patients of all ages.
The use of the scores and probabilities derived from statistical methods such as discriminant analysis and clustering techniques has increased their popularity since 1975 (Venables and Ripley, 1994) . It was used first in marketing and after that, in some medical applications (Juez and Díaz, 1996) . They offer a more continuous scale than the rank techniques based on the ROC curve analysis (Metz, 1978) . Perez et al.(2002a; 2002b; 2002c; 2003) developed a mathematical method for activity optimization in nuclear medicine studies, based on clustering and discriminant analysis of image quality. It constitutes a new approach to the same problem: to reduce the patient dose while image quality keeps good (Mattsson et al., 1998; ICRP 52, 1987; ICRP 53, 1987; ICRP 60, 1991) . This work presents a validation of this new method by comparison with the well-known ROC analysis.
METHODS

Image acquisition
A cardiac phantom presented in Fig.1 (model ECT/CAR/I from GAMMASONICS http://www. gammasonics.com/) (Greer and Scarfone, 1999) was used. Three solid pathological structures (Fig.1) were used following the combinations that appear in Table 1. A pair of cold lesions were positioned in two different locations over the wall of the myocardium in each of 21 studies included in this work. The myocardium was constituted as a hot background, filled with one of the three, a priori selected activity levels of 99mTc (activity 1=84 MBq, activity 2=37 MBq or activity 3=18.5 MBq), diluted into the water volume of this cavity for each SPECT. Activities were measured using a dose calibrator PTW CURIE-MENTER 3 (1998, Germany). The phantom was placed on a magnetic stirrer for 5 min to achieve homogeneity of the myocardium activity, prior to each imaging session.
The phantom was positioned over the table (plane XY of the gamma camera). The axis Y of the phantom coincided with axis Y of the camera for all the SPECT, to guarantee the reproducibility in the location of the phantom under the detector center. Although the position of the phantom over the XY plane is not exactly the same as that in a human heart (in our case, the phantom was not rotated with respect to Y axis in the XY plane), the angular position of the phantom apex with respect to the XY plane of the camera resembled the human apex position. A digital Sopha camera (1000, circular DCX, France) equipped with a general purpose, mean resolution parallel-hole collimator (HRBE8-140) was used for imaging. The gamma camera was tested with NEMA Protocol (NU-1-1994 address SPECT camera performance) (NEMA, 1994) .
Thirty-two views were acquired over 180° in each SPECT, using a circular orbit starting at −45° right anterior oblique (RAO) and ending at 135° left posterior oblique (LPO) (30 s per projection). Images were acquired in 64×64 pixel matrix size. The rotation radius was 16 cm for all the studies, as this is the nearest position between the phantom and the camera detector. The energy window used was 15% around the 140 keV photopeak.
Image reconstruction
The reconstruction was developed following filtered back projection algorithm. The projections were prefiltered with a Ramp [cutoff frequency f c =1.0 Nyquist (Ny)] and then with a Butterworth filter (order 4, f c =0.18 Ny) (interslices=1 pixel). Attenuation conditions were not taken into account in this preliminary experiment.
ROC analysis
Forty-one slices of the 21 SPECT were selected to perform the lesion detection analysis. An example is shown in Fig.2 . The slices were selected to cover the lesion sites and a background region among images obtained with different activities. As the position of the myocardium and the detector orbit remained constant for all the acquisitions, identical reconstruction slices and angles were used to generate oblique long-and short-axis slices and coronal slices of the phantom. The 41 selected reconstructed images were shown to three observers blinded to the used activity, experienced in myocardium SPECT (medical doctors, with specialty in cardiology and nuclear medicine: 15, 10 and 12 years, respectively; and more than 8 years at the Hospital Nuclear Medicine Service). Each image contains 10 regions to evaluate (Fig.2) . The observers rated 82 abnormal regions (corresponding to lesion sites) and 54 normal regions, with each activity, on a 4-point scale in order to obtain a score. The evaluation was as follows: 1=certainly normal, 2= probably normal, 3=probably pathological and 4= certainly pathological. Normal and abnormal regions were asked at random. Furthermore, all the observers graded each SPECT as good image quality (5 points), fair image quality (4 points) or poor image quality (3 points), as is conventional. The order for analyzing the studies was from low to high activity to avoid a negative predisposition of the observers to grade first images with supposed better image quality.
Conventional receiver operating characteristic (ROC) curve analysis (Metz, 1978) was applied to analyze the data from the tests. The area under the ROC curve was calculated using Wilcoxon statistics (Hanley and McNeil, 1982) .
Measured variables
The maximum number of counts per pixel in the reconstructed images was determined in regions of interest (ROIs of 3×3 pixels). These regions contain the lesion sites on the images (L 1 , L 2 or L 3 ), the apex (A) (which it was always considered as a background region in our study), and two more additional background regions (P 1 and P 2 ) taken at the same position for all the studies. These variables were used to con- . The mean background for each study is calculated as the mean value among all the considered background sites (A, P 1 and P 2 ) in each analyzed image. The ratios were calculated as:
These Background-to-Lesion ratios and the Signal-to-Noise ratios were variables evaluated for the quantitative criterion of image quality. They were introduced at the software Statistical Package for Social Science (SPSS 9.0) to develop the discriminant analysis.
The Signal-to-Noise ratios were calculated following Hoffman and Phelps equation (Phelps et al., 1975) .
where N ri is the reconstructed counts, R is the number of pixels containing the activity. Image contrast was calculated as the reciprocal of B/L i ratios per 100%.
Mathematical procedure
1. Clustering technique Clustering techniques can be used to determine if, from a group of measured variables, different levels of image quality can be detected with significant differences among them (Perez et al., 2002a; 2003) . This technique may be necessary in those cases in which observers cannot distinguish different levels of image quality by simple observation. Initial data obtained from the N c cases or studies (21 in our experiment) were analyzed to reconstruct images (41 images in our study corresponding to 21 SPECT or cases), can be used to calculate the distance between pairs of images corresponding to cases in which common variables have been measured, including all the possible combinations among the cases (36 by subgroups). It is calculated by the traditional Euclidean distance:
where X A1 … to X Ai are the values of each of the X i measured variables of one image (Group of B/L i and S i /N ratios in this particular study) and X B1 … to X Bi are the values of each of the X i measured variables (the same) in the other image. As in all images the same B/L i and S i /N ratios are not measured, then 0 is attributed in the corresponding difference X A −X B for each particular not measured variable.
The images compared belonged to the following cases: subgroup 1: cases 1, 2, 3, 10, 11, 12, 16, 17 and 18; subgroup 2: cases 4, 5, 6, 10, 11, 12, 13, 14 and 15; subgroup 3: cases 7, 8, 9, 13, 14, 15, 16, 17 and 18 .
The k-means clustering method chooses a specified number of cluster centroids. The two images with the highest distance were selected by subgroups. The variable's values for these extreme cases were considered the initial centroids of the initial clusters of each subgroup. The distance from each centroid was calculated for each image belonging to each subgroup. Each case was then placed in the cluster whose distance to the centroid is the lowest by subgroups. This procedure confirms 6 clusters (2 by subgroups). Nevertheless, the cases can be grouped in only two final clusters by transitivity, taking into account that each case belongs to two clusters at the same time. The centroids are recalculated for each final cluster. Under these conditions each cluster is ensured to have a different level of image quality according to the X i measured variables.
We have been working with a model of two clusters. Nevertheless, a model of three clusters is also possible to construct, following basically, the same procedure. In this model the centroids of the initial clusters would be the variables corresponding to the three images with highest distance among them. The rest of the procedure is the same.
2. Discriminant analysis Discriminant analysis was then used for the obtained cluster's centroids. The objective is the construction of linear image quality discriminant functions to select from all the measured variables, which determine image quality. One function is necessary in a model of two clusters, but if we have 3 clusters, then, 2 functions will be necessary. In our particular case we constructed two clusters. The method also determines the relative relevance of each selected variable in the above discrimination procedure by its correlation coefficient with the function (Venables and Ripley, 1994) .
The form of the function is:
where Z is the discriminant punctuation of each case [in our case Z is the cluster value which represent image quality (IQ)]. C is considered the threshold between clusters and may not be determined by visual observation, but can be calculated as:
where N Z and A Z are the discriminant punctuations for both final groups according to the * n X discriminant variables.
To reduce the number of variables relevant to image quality from the initial measured X n to the final * n X (n≤n * ), the correlation factors among all the variables are calculated, following the relevance order of the variables for image quality. Only those variables with the highest relevance for image quality, among the totally entire measured are included in the function formed with variables not correlated or with poor correlation (r<0.2) (Venables and Ripley, 1994) .
Other variables correlated with the selected variables are neglected. The parameters that finally determine image quality in a particular study will be those that cannot be extracted from the function without affecting the percentage of cases correctly classified (it means, correctly placed in a cluster using discriminant analysis). Then, the activity optimization criterion consisting of selecting among a group of tested values, the minimum administered activity which permits good results for the reduced number of parameters selected by the function (Perez et al., 2002a; 2002b; 2002c; 2003) . Fig.3 shows the ROC curves for each observer and the three tested activities. Table 2 summarizes the area under the ROC curves for the observers. The difference between the results for 37 MBq and 84 MBq was not significant (P=0.32), at 95% confidence level, in the case of the three observers. Nevertheless, these differences were significant for 18.5 MBq, mainly for the observer 1 (P=0.008).
RESULTS
ROC analysis
It is also important to explain the behavior of the false-positives and the false-negatives rates for each observer. The curves for the observer 1 show that when the activity is increased, the false-positive rate is increased from 0.024 with 18.5 MBq to 0.073 with 84 MBq. No significant differences were seen between 18.5 MBq and 37 MBq (P>0.05), at 95% confidence level. In the case of the calculated falsenegative rate for the observer 1, the reduction in the administered activity produces an increase of this rate from 0.036 for 84 MBq to 0.38 for 18.5 MBq. For the last value, 21 false-negatives were reported, 8 for 37 MBq and just 2 for 84 MBq. For the observer 2, the false-positive rate was 0.02 for 37 and 84 MBq and it was increasing up to 0.097 for 18.5 MBq. The calculated false-negative rate was 0.05 for 84 MBq, 0.18 for 37 MBq and 0.31 for 18.5 MBq. For the observer 3, the false-negative rates were: 0.12 for 84 MBq, 0.02 for 37 MBq and 0.25 for 18.5 MBq. The false-positives rates were: 0 for 84 MBq, 0.011 for 37 MBq and 0.14 for 18.5 MBq. For the last value, 6 false-positives and 29 false-negatives were reported. From this point of view, it appears to not be possible to reduce the administered activity below 37 MBq in this experiment without affecting the precision in the observer evaluation, mainly for the false-negatives rate. The differences in the false-negative rate between 37 and 84 MBq were not statistically significant (P=0.07) for 95% confidence level and the false-positive rate was a minor problem. Fig.4 shows the values of the contrast for each lesion as a mean value of the three slices for each activity. Significant differences in image contrast were obtained with 18.5 MBq (P<0.05 for all the cases) from the 37 and 84 MBq cases for the three lesions. This variation was not significantly different between 37 and 84 MBq (P>0.05).
Collateral result to the ROC analysis
Subjective analysis
Fig .5 shows the behavior of the mean score given by the observers, when they graded each lesion with each activity.
The value of 37 MBq was adequate for an accurate evaluation of the lesions. The mean score given by the observers was not significantly different regarding the score for 84 MBq (P=0.08). The value of 18.5 MBq, however, had the worst result in this sense. The scores given for each lesion were lower than that of the other two activities in this case.
Discriminant analysis
The three observers graded all images observed as good image quality (5 points), independent of the activity level in each case. Nevertheless, two clusters with differentiated image quality (P=0.021) were obtained according to the Background-to-Lesion ratios. The first one involved the studies performed with 37 and 84 MBq, and the second one included the studies performed with 18.5 MBq. The centroids of the variables for the first cluster were: B/L 1 =1.93, B/L 2 =1.71 and B/L 3 =1.27. The centroids of the second cluster were B/L 1 =2.68, B/L 2 =6.64 and B/L 3 =2.61. We thus can assume that the first cluster contains the studies with better image quality from the quantitative point of view. In this case, as the lesions are cold regions, the increase of the activity implies a decrease in Background-to-Lesion ratios, when the dispersive conditions are constant and partial volume effects are negligible. 
Fig.4 Mean contrast for each lesion
The results of the cluster classification were strongly correlated with the areas under ROC curves (r=0.89).
Following the cluster criterion a discriminant analysis was applied. The obtained linear discriminant function was:
IQ is cluster discrimination between the centroids (Z value).
The function was significant. The Wilks' λ was equal to 0.006 (Venables and Ripley, 1994) . All of the functions studied were correctly classified into the clusters. The correlation coefficient of each variable with the function were B/L 1 (r=0.895), B/L 3 (r=0.461) and B/L 2 (r=0.198). These coefficients represent the relative weight of each variable in the discrimination procedure. Table 3 shows the mean values of B/L i for the three activities. The variables were in general better for 84 MBq but without significant differences with respect to 37 MBq (P=0.078). Table 4 shows the results of the mean values of the tomographic Signal-to-Noise ratios (S i /N) in the analyzed images, for the three lesions and the three activities. S i /N showed correlation with the Lesion-toBackground ratios (r=0.922). For this reason they were extracted from the discriminant function.
DISCUSSION
A cardiac phantom was used to obtain the images with different activities. This phantom has the disadvantage that the lesion sites always are the same and that the images have few differences among them. On the other hand, although this phantom seems fairly unrealistic (heart phantom in air, without attenuation, there was radioactivity in the region corresponding to heart muscle, but non elsewhere, and the position of the phantom over the table for the experiment was not exactly the same as that of a human heart), those aspects do not have serious implications for this paper's purpose (to validate a mathematical procedure for activity optimization in SPECT images, taking into account physical parameters by comparison with ROC). 
Lesions Table 3 Mean Background-to-Lesion ratios for each activity For optimizing real activities for cardiac SPECT, this work is still a preliminary work, which does not yield meaningful results for realistic situations like the case of 99mTc-MIBI SPECT in patients. More investigations to apply the method in this particular study are needed in order to consider common values of background and noise in routine practice with patients, due to realistic conditions of scatter and attenuation, but this is not the aim of the present work.
The a priori selected activities were chosen only for the purpose of this experiment with a phantom, in order to guarantee enough image counts which represent different levels of image quality. Nevertheless, neither of the activities used in the experiment are typical radioactivity levels for cardiac SPECT nor are the results of the measured S i /N ratios typical. If researchers want to reproduce this procedure in patients, the activities need to be carefully chosen and tested in routine practice. The ways to adequately apply the discriminant procedure to other real patient studies are deeply discussed in (Perez et al., 2002a; 2002b; 2002c; 2003) .
Another way to improve image quality in our experiment to maintain low levels of administered activity and guarantee the observation of all lesion sizes, could be to change the projection acquisition time from 30 s to, for example, 60 s or more. This option may not be adequate in practice for some patients, due to the overall increase in image acquisition time.
ROC analysis is recommended for finding optimal activity values to detect the lesions containing 37 MBq (the area under the ROC curve was not statistically different from the 84 MBq case). Furthermore, from the point of view of the false-positive and false-negative rates, activity levels lower than 37 MBq appear to adversely affect the precision of lesion observation in the experiment involving all observers. The differences in the false-positive rate between 37 and 84 MBq were not significant at a 95% confidence level and the false-negative rate was a minor problem for both activity levels. Nevertheless, when the activity was reduced to 18.5 MBq the observers had problems with threshold detection and the false-negative rate increased. Image contrast, for the specific case of L 2 , diminished almost to the detection limit of the human eye (13%) (Goodenough, 1981) . This lesion (the thinnest) was the one most often related to the high rate of false-negatives. The image contrast grew with increase of the activity.
All lesions were larger than (1/1.75) times the full width at half maximun (FWHM) of the imaging system (The spatial resolution of the system used with collimator was 5.25 mm). For this reason, the possible influence of partial volume effects is considered to be negligible over the obtained false-negative rates (Tsui and Zhao, 1994) . In fact, this rate was particularly low for 37 and 84 MBq.
Good image quality implies maintenance of the same noise level and the same spatial resolution in tomography. Spatial resolution is not dependent on the level of administered activity, but depends only on parameters such as the distance between the collimator and the studied object and the filter used in the reconstruction. These parameters were kept constant in all the studies. Those are possible reasons why the observers judged all analyzed studies as good tomographic image quality.
There was good threshold discrimination between useful signals (lesions and structures) and noise, with differences of more than two standards deviations for the observer's grades. This suggests that good discrimination was obtained, in general, between normal and abnormal sites as the observers and ROC curves moved upwards in areas near to 1 (Goodenough, 1981; Evans, 1981) .
The ROC methodology requires a very large number of observations to arrive at conclusions (410 observations were done in this study by 3 observers). This kind of analysis is also very determined by the experience degree of the observers and is always affected by negative and positive false rates (Metz, 1978; Goodenough, 1981; Evans, 1981) . Nevertheless, in this particular study we did not observe significant inter-observer variability (P>0.05), mainly due to the similar expertise degree of the three observers.
Nevertheless, the proposed method gives an easier discrimination than the subjective observer's opinions and ROC analysis. The method application found slight differences in tomographic image quality, considering the values of the Background-to-Lesion ratios and also the Signal-to-Noise ratios, which were strongly correlated with the Background-to-Lesion ratios, the Signal-to-Noise ratios were extracted from the function, but in our study they are good for re-marking the same results and can be used in future work as determinant variables for discriminant procedures in nuclear medicine activity optimization.
There were real differences in the image quality obtained for activity levels of 37 and 84 MBq compared to 18.5 MBq (the studies belong to different clusters with significant differences between them). These differences were not evident for typical observers.
The applied method classified more than 75% of cases correctly into the clusters. This is the minimum percentage admissible to consider the method application as successful (Venables and Ripley, 1994) . It ensures the possibility to predict what image quality would be a completely new case with each tested activity. Then, we only need to verify the above measuring B/S i ratios or S i /N ratios in the images.
The relevant order for image quality in our experiment was as follows: L 1 , L 3 and L 2 . The small lesion was the most relevant in the mathematical discrimination. The ratios of L 2 regarding background had the lowest correlation with the obtained classification criterion. Following this order we establish the optimization criterion. The value of 37 MBq was considered optimal for this experiment after method application. This value was the minimum for which image quality was always good with the quantitative criterion of image quality (all the cases belong to the cluster with better image quality). For this value the Background-to-Lesion ratios did not present significant differences with respect to 84 MBq. Signal-to-Noise ratios were also reinforced in this result.
Another result possibility, in the case of the model of two clusters, would be that the cluster with better image quality would contain only the studies performed with the highest activity. In this case this activity would be the optimal, but we also should apply discriminant analysis for obtaining the variables which determine this result. We also develop multivariate analysis among the results of the clusters with the lowest image quality, trying to see if the other two activities produce image quality with significant differences between them. If the three activities produce significant differences in image quality, then the activity cannot be reduced for optimization purpose. This type of model also permits analysis of more than three activities (Perez et al., 2002a) .
If we select a model of three clusters and find significant differences among the three activities regarding image quality, determined by the selected variables with discriminant analysis; then, the optimum is the activity which produces the best image quality contained in one cluster. In this model, if we obtain a result similar to the one obtained in the present paper, then, one cluster will be empty, another contains the cases belonging to the two highest activities, which produce similar and good image quality and the other one will contain the studies performed with the lowest activity, which contains the studies with the lowest image quality. The optimum will be the lowest activity which permits keeping the cases in the cluster with better images quality. Generalizing this methodology, we can construct a model of n clusters to test m activities (n≤m). Another advantage of the proposed method is that it permits focusing the analysis of which activity is selected as optimal just on a reduced group of variables. This fact can be particularly useful in patient studies like (Perez et al., 2002a; 2002b; 2002c; 2003) , where the number and diversity of variables with influence over image quality can be very high. In these cases, if a robust statistical technique is not applied, it is not obvious which variables determine the criterion of the observer who performs the diagnosis from the medical images.
This method can be applied for any kind of the current gamma cameras and is particularly useful for patient radiological protection (ICRP 52, 1987) , according to the ALARA (as low as reasonably achievable) principle (ICRP 60, 1991) , because by reducing the administered activity we can reduce the absorbed dose in many tissues and organs of the patients, which imply a reduction in the radiological risk (ICRP 53, 1987) .
The discriminant method has disadvantage in the necessity to a priori establish the activity values that the researcher needs to test for each type of nuclear medicine study. It is not possible to obtain an interpolated value as the optimal activity.
The optimal obtained activity with the proposed procedure coincides with the activity for which the area under the ROC curve is the highest, the sensitivity is the best, with false-positive and false-negative rates being a minor problem in our work. Nevertheless, in our opinion, discriminant method provides an easier and faster procedure than the ROC method for ana-lyzing the image quality for an activity optimization procedure. The discriminant method is, besides, completely independent of the observer subjectivity.
CONCLUSION
Discriminant analysis to select which variables can describe image quality appears to be a fast and easy method to choose parameters to take into account the activity optimization procedure.
The results of this procedure were similar to the results obtained from the well-known ROC analysis. The value of 37 MBq was selected as the optimal for obtaining good image quality with the technical conditions applied for this particular study using ROC and discriminant method.
